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Abstract This study examines the characteristics of low-frequency variations (deﬁned as decadal-scale
changes) in summer (June–August) convective afternoon rainfall (CAR) activity over Taiwan during 1961–2012.
Using 3-hourly rain gauge data, it was found that (1) the CAR frequency exhibits a secular trend and the 10–20
decadal oscillation, (2) the trend in CAR frequency is positive in northern Taiwan but negative in central and
southern Taiwan, and (3) the CAR rate increased over most of the lower plains but decreased over the mountain
range of Taiwan. Diagnoses using the Japanese ReAnalysis (JRA-55) data and surface observations indicate
that the low-frequency variations in CAR frequency are closely associated with the variations in monsoon
southwesterly winds over the South China Sea and island-wide sea breeze convergence. The regional
low-level circulation changes are linked to sea surface temperature anomalies over the Niño-4 region and
its 10–20 year (quasi-decadal) oscillation. Regarding the processes that change the CAR rate in the trending
patterns, it was found that increases in the moisture ﬂux convergence and the moist (conditional) instability
over the lower plains together explain the stronger CAR events in the long run.
1. Introduction
Taiwan, a mountainous island located in the East Asian summer monsoon region, is characterized by plains
and gentle slopes in the west, an elongated mountain range in the center, and steep slopes in the east
(Figure 1a). During summer (June, July, and August; JJA), thermally induced diurnal sea breeze frequently
results in convective afternoon rainfall (hereafter CAR) [Johnson and Bresch, 1991; Chen and Chen, 2003].
On average, approximately 40–50% of the total summer rainfall days in Taiwan is attributable to CAR
events [Wang and Chen, 2008; Chen et al., 2011]. The characteristics of CAR activity (including rain
frequency and rain rate) have been examined in many studies [Johnson and Bresch, 1991; Chen et al., 1991,
2002; Chen and Chen, 2003; Kerns et al., 2010; P. F. Lin et al., 2011; Ruppert et al., 2013]; however, most
of these studies have focused on climatological issues and simulations, rather than decadal and climate
variations.
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Since the release of the ﬁrst assessment report from the Intergovernmental Panel on Climate Change in 1990,
more and more studies have examined how precipitation has changed in a warmer climate [Dai, 1999; Emori
and Brown, 2005; Lenderink and van Meijgaard, 2008; Yu et al., 2010; Li et al., 2011; Yu and Li, 2012; Yuan et al.,
2013]. By examining the trend in summer CAR in the Taipei basin (located in northern Taiwan), Chen et al.
[2007] noted an intensiﬁcation of the summer CAR over the past 50 years and attributed this change to
the strengthening urban heat island effect. Recently, Huang and Chen [2015] examining the trend in CAR
activity over Taiwan during 1982–2012 Mei-Yu season have suggested that the CAR has become more
frequent and more intense since 1982. Because the formation of CAR in Taiwan is geographically
dependent [Huang and Wang, 2014], differences are likely to exist between the low-frequency variations of
CAR activity over different subregions in Taiwan. However, the method used in Huang and Chen [2015] for
identifying CAR did not consider the striking regional differences over Taiwan.
The objective of this study is to examine low-frequency variations (deﬁned as variations on the time scale
longer than a decade) in the CAR activity (including rain frequency and rain rate) and associated
atmospheric dynamic and thermodynamic causes, with emphasis on the three subregions of Taiwan
(deﬁned in section 3), using data from 1961 to 2012 JJA. The remainder of the paper is organized as
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Figure 1. (a) The geography and locations of 18 conventional surface observation stations in Taiwan. The abbreviations of the station names shown in Figure 1a are
listed in Table 1. The stations grouped in Table 1 are marked by different symbols in Figure 1a. (b) The summer (JJA) mean occurrence frequency of convective
afternoon rainfall (CAR) events identiﬁed for individual stations during 1961–2012. (c) Similar to Figure 1b but for the JJA mean CAR rate. The unit of CAR frequency
and CAR rate is days per JJA in Figure 1b and mm per day in Figure 1c.

follows. Details of the method and data utilized for the analyses are introduced in section 2. The results are
presented in section 3, followed by a summary given in section 4.

2. Data and Methodology
2.1. Station and JRA-55
The analyses utilize precipitation data extracted from 18 conventional meteorological stations (located in
Figure 1a), which provide 3-hourly observations during the study period (JJA of 1961–2012). Information of
these stations is documented in Table 1. Additionally, meteorological data (wind ﬁelds, temperature,
humidity, etc.) are extracted from the 55 year Japanese Reanalysis (JRA-55) [Ebita et al., 2011] to determine
the impact of atmospheric changes on modulating the low-frequency variations of CAR. The reason for
using the latest JRA-55, created with a spatial resolution of 1.25° longitude × 1.25° latitude, is because its
horizontal resolution is ﬁner than other long-term reanalysis available during 1961–2012. Chen et al. [2014]
noted that the 6-hourly JRA-55 represents the most general characteristics of diurnal variations in
atmospheric circulations associated with diurnal rainfall formation over East Asia, although the uncertainty
is larger when the focus is on local diurnal features. In this study, we clarify the capability of JRA-55 in
studying local diurnal features over Taiwan.
2.2. CAR Deﬁnition
For a given station, a rainfall day is identiﬁed as when the amount of precipitation during any time of
the day is larger than 1 mm 1. Among these rainfall days, a CAR day is identiﬁed as when (1) the
accumulated rainfall during 1200–2200 LT (local time) is larger than 80% of the daily rainfall, (2) the
accumulated rainfall during 0100–1100 LT is smaller than 10% of the daily rainfall, and (3) the days
affected by other weather systems (e.g., typhoons, tropical storms, and frontal/Mei-Yu systems) are
excluded. For typhoons and tropical storms, we referred to the Joint Typhoon Warning Center records;
for fronts we used surface synoptic maps, satellite images, and local reports provided by the Central
Weather Bureau in Taiwan. After the CAR frequency (i.e., the number of CAR days per JJA) and CAR
rate (i.e., the average rain rate during a day) have been calculated for all of the stations (Figures 1b
and 1c), an equally weighted average is applied on the normalized CAR frequency and CAR rate from
all 18 stations to obtain the mean CAR frequency and mean CAR rate for entire Taiwan. Here the
normalization is done by dividing the value of an analyzed variable by its climatological mean value
during 1961–2012 JJA.
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a

Variables
Groups
North Plains

South/Central (SC) Plains

Mountain Range

WMO Number

Full Name (Acronyms)

Location (Latitude, Longitude)

Altitude (m)

46690
46691
46692
46693
46694
46699
46708
46741
46744
46749
46754
46757
46759
46761
46766
46753
46755
46765

Tanshui (TS)
Anpu (AP)
Taipei (TP)
Chutzehu (CZH)
Keelung (KL)
Hualien (HL)
Ilan (IL)
Tainan (TN)
Kaohsiung (KS)
Taichung (TC)
Tawu (TW)
Hsinchu (HC)
Hengchun (HCH)
Hsingkang (HK)
Taitung (TT)
Alishan (AL)
Yushan (YS)
Jihyuehtan (JYT)

25.17°N, 121.43°E
25.03°N, 121.52°E
25.03°N, 121.52°E
25.17°N, 121.53°E
25.13°N, 121.75°E
23.97°N, 121.62°E
24.77°N, 121.75°E
23.00°N, 120.22°E
22.58°N, 120.30°E
24.15°N, 120.68°E
22.35°N, 120.90°E
24.80°N, 120.97°E
22.00°N, 120.75°E
23.10°N, 121.37°E
22.75°N, 121.15°E
23.52°N, 120.80°E
23.48°N, 120.95°E
23.88°N, 120.85°E

19.0
836.2
8.0
600.0
27.4
17.6
7.4
12.7
2.4
83.8
7.6
32.8
22.3
32.7
8.9
2406.1
3850.6
1014.8

a

Based on the characteristics of the trends in the rain frequency and rain rate of CAR, the stations are grouped into
three subregions, i.e., north plains, south/central (SC) plains, and mountain range, for constructing Figure 4.

Table 2 lists the following statistics for each station: (1) mean total summer rainfall days, (2) mean
contribution of CAR days to total summer rainfall days, (3) mean total summer rainfall amount, and (4)
mean contribution of CAR rainfall to total summer rainfall amount. About 47.3% of the total summer
rainfall days and 27.6% of the total summer rainfall for the entirety of Taiwan are contributed by the CAR
events. For some stations (e.g., Taipei and Jihyuehtan), CAR events can contribute to more than 60% of the
total summer rainfall days and more than 50% of the total summer rainfall amounts. Further information
of the trends in total summer rainfall and total summer days over Taiwan is referred to Lu et al. [2012].
Table 2. Information on the Mean JJA Rainfall Days, Days of CAR (% of Its Contribution to Mean Rainfall Days), Mean JJA
Rainfall Amounts (mm per JJA), and Rainfall Amount of CAR (% of Its Contribution to Mean JJA Rainfall Amounts) for
Stations in Taiwan and for the Entirety of Taiwan (Estimated by the Average of Observations From All Stations)
Variables

Groups
North Plains

South/Central (SC) Plains

Mountain Range

Entirety of Taiwan

HUANG ET AL.

Stations

Mean JJA
Rainfall Days

Days of CAR
(~ % of Mean
Rainfall Days)

Mean JJA Rainfall
Amounts
(mm per JJA)

Rainfall Amount of CAR
(~ % of Mean JJA
Rainfall Amounts)

TS
AP
TP
CZH
KL
HL
IL
TN
KS
TC
TW
HC
HCH
HK
TT
AL
YS
JYT
Mean

31.4
37.4
40.5
36.9
34.0
32.4
35.8
41.3
43.3
41.5
43.0
30.0
50.8
33.9
35.1
64.8
57.3
59.2
41.5

14.4 (45.8%)
16.8 (44.8%)
25.2 (62.0%)
17.9 (48.4%)
16.6 (48.8%)
14.8 (45.8%)
19.6 (54.7%)
14.4 (34.9%)
14.1 (32.6%)
24.8 (59.8%)
12.5 (29.0%)
14.6 (48.6%)
12.1 (23.8%)
13.3 (39.1%)
11.3 (32.3%)
45.3 (70.0%)
33.5 (58.5%)
42.5 (71.8%)
20.2 (47.3%)

597.1
1004.2
843.9
957.4
628.5
669.4
591.3
1099.0
1165.6
939.4
1216.0
633.8
1241.7
807.3
825.9
2215.4
1464.5
1281.9
1010.1

165.9 (27.8%)
242.1 (24.1%)
438.8 (52.0%)
249.4 (26.1%)
212.8 (33.9%)
191.9 (28.7%)
192.2 (32.5%)
215.1 (19.6%)
175.8 (15.1%)
373.9 (39.8%)
155.3 (12.8%)
178.9 (28.2%)
159.2 (12.8%)
147.5 (18.3%)
112.0 (13.6%)
769.0 (34.7%)
351.8 (24.0%)
680.8 (53.1%)
278.5 (27.6%)
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It should be mentioned that in order to take into account contributions from all stations for estimating the
occurrence of CAR events over the entirety of Taiwan, this study uses a method (i.e., equally weighted
average) different to Huang and Chen [2015], in which a CAR day was identiﬁed when “at least three
stations” showed the signal of diurnal rainfall and the regional differences of CAR were not considered.
More comparison between results of this study and Huang and Chen [2015] is shown later.
2.3. Statistical Methods
Throughout the study, trend analysis is derived from the least squares algorithm [Chipman, 1979]. To help
identify the low-frequency variations, low-pass ﬁltered through 11 year running averaging is also applied
on the time series of CAR activity. For the extraction of 4–8 year and 10–20 year variability (e.g., Figure 2b,
to be discussed later), we use the Hamming-windowed band-pass method that was developed to
preserve the edges of the ﬁltered time series [Iacobucci and Noullez, 2005]. Statistical signiﬁcances for
the analyzed variables are determined by a two-tailed Student’s t test [von Storch and Zwiers, 1999]
based on the effective degree of freedom. The method used for determining the effective degree of
freedom follows Chen and Chen [2011]. The criterion of signiﬁcance is deﬁned at least at the 90%
conﬁdence interval (hereafter CI); this criterion has been adopted by many studies for identifying the
existence of low-frequency variations for various variables [e.g., Miller and Piechota, 2008]. For a
comparison with the 3-hourly surface observations, the 6-hourly JRA-55 reanalysis data are linearly
interpolated into 3-hourly data. Hereafter, the analyses are presented for Taiwan local time, which is the
universal time + 8 h (i.e., 08 LT corresponds to 00 UTC).

3. Results
3.1. Spatial-Temporal Variations in CAR Activity
The time series of CAR frequency averaged over Taiwan is shown in Figure 2a. The variations of CAR
frequency appear highly variable (Figure 2b) and, based on the power spectrum in Figure 2c, are
characterized with different time scales, including the following: (1) a declining trend (signiﬁcant at 90% CI,
Table 3), (2) 10–20 year decadal oscillations (at 90% CI), and (3) 4–8 year interannual variations (at 90% CI).
By contrast, as noted from Figures 2d–2f, the time series of CAR rate averaged over Taiwan is dominated
by (1) an increasing trend (at 90% CI, Table 3) and (2) interannual variations on the time scale of 4–8 years
(at 90% CI), while the 10–20 year oscillations of CAR rate is rather weak. The power spectrum analysis
displayed in Figures 2c and 2f, respectively, further illustrates the importance of 10–20 year variations in
the CAR frequency and of 4–8 year variations in the CAR rate. However, because the focus of this study is
on the decadal-scale changes, only issues related to the trends (for both CAR frequency and CAR rate) and
the 10–20 year variations (for the CAR frequency) are analyzed further. While for the interannual variations
of CAR activity, future work is suggested to examine this issue in detail.
Focusing on Figure 2a, it is noted that the sign of trend in CAR frequency averaged from all 18 stations is time
dependent. Visually, the apparent declining trend during 1961–2012 is associated with a relative small
increase after mid-1980s; the latter is similar to Huang and Chen [2015]’s earlier observation that CAR has
become more frequent since 1982. Considering that trends in different stations may cancel out or
reinforce each other, it is possible that the difference between 1961–2012’s trend (blue dashed line in
Figure 2a, the focus of this study) and 1982–2012’s trend (red dashed line in Figure 2a, the focus of Huang
and Chen [2015]) was a result of averaging different sign of trends from all 18 stations. To clarify this issue,
trends in CAR frequency at each station during 1961–2012 are shown in Figure 3a (only the stations with
changes larger than 2% per decade are marked). As seen from Figure 3a, it appears that the CAR
frequency mainly increased in northern Taiwan but decreased in southern Taiwan. By contrast, the CAR
rate has increased in the plains but decreased in the mountain range (Figure 3b); such regional difference
was not noted by Huang and Chen [2015] and other studies. Based on these features, we further divide
Taiwan into three subregions—namely, the north plains, the south and central (SC) plains, and the
mountain range—in order to better clarify the characteristics of regional differences in CAR activity.
Information of the grouping of stations is provided in Table 1.
Figure 4 shows the temporal variations of CAR frequency and CAR rate averaged over each subregion.
Overall, the north plains’ stations featured upward trends in both CAR frequency (Figure 4a) and CAR rate
(Figure 4d) during 1961–2012; these features are consistent with ﬁndings of Chen et al. [2007]. The SC
HUANG ET AL.
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Figure 2. (a) Temporal variation of normalized CAR frequency (thin line) averaged from all 18 stations located in Figure 1.
The thick line in Figure 2a represents the low-pass-ﬁltered frequency through 11 year running average. The linear trend of
the frequency during 1961–2012 (the time period focused in this study; blue line) and during 1982–2012 (the time period
examined by Huang and Chen [2015]; red line) are added in Figure 2a for discussions. (b) The temporal variation of CAR
frequency (thin line), its related 10–20 year band-pass-ﬁltered values (green line) and 4–8 year band-pass-ﬁltered values
(yellow line). (c) The power spectrum analysis of CAR frequency. (d–f) Similar to Figures 2a–2c but for the change of CAR rate
averaged from all 18 stations. The signiﬁcance of trends in Figures 2a and 2d are documented in Table 3.

plains’ stations are characterized by a declining CAR frequency (Figure 4b) but an increase in CAR rate
(Figure 4e) during 1961–2012, suggesting less but stronger thunderstorms. The mountain range stations
show downward trends in both CAR frequency (Figure 4c) and CAR rate (Figure 4f) during 1961–2012. The
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Table 3. Sign of Trend in CAR Frequency and CAR Rate During 1961–2012 and 1982–2012 for the Entirety of Taiwan
(Figures 2a and 2d), the North Plains (Figures 4a and 4d), the SC Plains (Figures 4b and 4e) and the Mountain Range of
Taiwan (Figures 4c and 4f)

Sign of trend in normalized CAR frequency

Sign of trend in normalized CAR rate

Figure 2a
Figure 4a
Figure 4b
Figure 4c
Figure 2d
Figure 4d
Figure 4e
Figure 4f

1961–2012

1982–2012

a

Positive
a
Positive
No trend
No trend
Positive
Positive
b
Positive
a
Negative

Negative
a
Positive
b
Negative
a
Negative
b
Positive
b
Positive
b
Positive
a
Negative

a

a
Signiﬁcance
b

of trend at 90% CI.
Signiﬁcance of trend at 95% CI.

signiﬁcance tests of these trends are documented in Table 3. Notably, a further comparison between
Figure 2a and Figures 4a–4c indicates that the post-1982 increases in CAR frequency over Taiwan mainly
occurred in the north plains, while the declining trend in CAR frequency over Taiwan after 1961 appears
mostly in the SC plains and mountain range. These results (Figures 2–4) clarify that regional differences do
exist in the trends of CAR activity and that an average of three subregions’ trends has led to different
impression for the sign of trend in CAR frequency over Taiwan during 1961–2012 and during 1981–2012
(see Figure 2a).
Also revealed from Figure 4 is that the trend in CAR frequency over most of Taiwan (including SC plains and
mountain range) is induced by shifting from an active period (1961–1981) to an inactive period (1992–2012),
while the trend in north plains’ CAR frequency is induced by shifting from an inactive period (1961–1981) to
an active period (1992–2012). By contrast, the CAR rate over most of Taiwan, except north plains, shows a
more gradual trend rather than a distinct shift. According to these ﬁndings, the following diagnostics are
conducted. To better illustrate the characteristics of decadal shift (or interdecadal change) in CAR
frequency, we compute the difference in atmospheric conditions between two selected time periods:
1992–2012 and 1961–1981 (Figures 7–10, to be discussed in section 3.3); a similar method has been
adopted for many studies on searching the decadal changes of hourly rainfall [e.g., Yu and Li, 2012]. In

Figure 3. Trend changes in (a) CAR frequency and (b) CAR rate as identiﬁed from individual rain gauge observations during
1961–2012 (JJA). In Figures 3a and 3b, the percentage of changes for a given variable X are estimated based on the
in trend value of X; per decadeÞ
equation: ðChanges
100%. Only the stations located in Figure 1 with changes larger than 2%
ðmean of X during 1961–2012 JJAÞ
per decade are marked; changes signiﬁcant at the 90% conﬁdence interval (CI) are ﬁlled.
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Figure 4. Similar to Figures 2a and 2d but for the normalized CAR frequency and CAR rate averaged over three subregions
of Taiwan: north plains, SC plains, and mountain range (see text and Table 1 for deﬁnitions). Information for the signiﬁcance
of trends is documented in Table 3.

addition, for the exploration of the change in CAR rate, we compute the linear trend in atmospheric conditions
during 1961–2012 (Figure 11, to be discussed in section 3.4), following Huang and Chen [2015]. As for the feature
of 10–20 year variations of CAR frequency, which is found in all three subregions (not shown), its related
atmospheric changes are examined through correlation maps (Figures 12 and 13, to be discussed in
section 3.5).
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Figure 5. (a) Daily mean surface wind circulation (VS, vector) superimposed on the related air temperature (TS, shaded), averaged during 1961–2012 (JJA).
(b) Similar to Figure 5a, but for the diurnal anomalies of (VS, TS) at 11 LT (local time) in Taiwan. The boxed area in Figure 5a represents the domain used
for Figure 5b. (c) The solid line (dotted line) represents the temporal variation in the diurnal anomalies of the surface wind convergence [Δ(∇ · VS)] area
averaged over Taiwan during 1961–2012 (JJA), as estimated from the surface observations (JRA-55 reanalysis). The method used for calculating the wind
convergence is described by Huang and Wang [2014]. The blue bars in Figure 5c represent the 3-hourly JJA mean precipitation (P) averaged over all of the
surface stations in Figure 1.

Note that because all these examinations require a long-term, high-quality reanalysis data, we next
evaluate JRA-55’s capability in representing the basic meteorological features for CAR formation
(Figures 5 and 6, in section 3.2) prior to applying it for exploring causes of low-frequency variations in
CAR activity.
3.2. Basic Meteorological Features
To better illustrate the meteorological features associated with CAR, we separate the total component of any

meteorological variable (X) into the daily mean X and diurnal anomalies (ΔX), e.g., for the surface wind ﬁelds
it would be VS ¼ VS þ ΔVS . As shown in Figure 5a, the daily mean component of the summer mean ﬂows is
characterized by southerly winds over the South China Sea and the southeasterly in the Philippine Sea. The
southerly component intensiﬁes in late morning (11 LT) when a sea breeze convergence occurs over Taiwan
(Figure 5b). This feature is worth noting as the clear sea breeze circulation demonstrates the capability of
JRA-55 in depicting regional land-sea breezes. Regarding the timing of diurnal circulation changes,
Figure 5c shows the temporal variation of Taiwan’s near-surface divergence, computed following Huang
and Wang [2014]. Note the consistency between quantities derived from JRA-55 and the station
observation in Figure 5c; the maximum convergence generally occurred at 11–14 LT, coinciding with the
temporal variation in the local surface temperature [Huang and Wang, 2014], prior to the occurrence of
the maximum diurnal rainfall at 14–17 LT [Johnson and Bresch, 1991; P. F. Lin et al., 2011, 2012].
Considering these maxima and that the formation of increased rainfall at 14 LT might affect the sea
breeze circulation at 14 LT [Chen et al., 2014], later examinations of the sea breeze circulation focus on
the speciﬁc time step of 11 LT instead of 14 LT.
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Figure 6. Differences between the composites of convective afternoon rainfall (CAR) days and nonrainfall (nonRain) days
identiﬁed during 1961–2012 (JJA): (a) the daily mean surface wind circulation (Vs, vector); (b) the diurnal anomalies of the
surface wind convergence [Δ(∇
 · Vs), contoured] and its associated vectors at 11 LT; (c) the daily mean vertical differential

temperature change dT=dz at 925 hPa; (d) the daily mean column-integrated moisture convergence ∇·Q . Here
 300 hPa

ð∇QÞ ¼ ∇ ∫p0
Vq dp , where V denotes the horizontal wind, q is the speciﬁc humidity, and p is the pressure
level. In Figure 6c, the vectors are <Vq> (< > denotes vertical integral). The boxed area in Figure 6a represents the domain
6 1
1
-1
used for Figures 6b–6d. The contour interval of Figures 6b–6d is 0.25 × 10 s , 0.03°C km , 0.2 mm h . Only the areas
signiﬁcant at the 90% CI are shaded and the blue (red) shadings are for negative (positive) values.

Figure 6 shows the comparison of low-level atmospheric conditions between CAR days and nonrainfall days
(excluding all rainfall events regardless of types). This analysis highlights the observation that CAR tends to
occur on days with strong southwesterly winds coming from the South China Sea (Figure 6a) [e.g., Huang
and Chen, 2015]. This is accompanied by enhanced sea breezes over Taiwan (Figures 6b) at 11 LT, an
enhanced land-sea thermal contrast with warmer land and colder ocean at 11 LT (not shown), a greater local
thermal instability represented by the mean temperature change with height (denoted as – dT
dz ; Figure 6c),
and a resultant enhancement in the mean vertically integrated moisture ﬂux convergence (–∇·Q; Figure 6d)
during a CAR day. Here ∇·Q is computed based following equation:
 300

⇀
∇ Q ¼ ∇ ∫p0


V q dp ;

hPa ⇀

(1)

where V denotes the horizontal wind, q is the speciﬁc humidity, and p is the pressure level. According to
Banacos and Schultz [2005], the variable ∇ · Vq can be separated into V · ∇q (advection term) and
q∇ · V (convergence term), i.e., ∇ · Vq = V · ∇q  q∇ · V. For Figure 6d, it is noted that its change is
mainly dominated by the related change in q∇ · V (not shown). Consistent with the ﬁndings in Figure 6,
previous studies [Johnson and Bresch, 1991; P. F. Lin et al., 2011, 2012; Wang et al., 2013; Huang and Wang,
2014] also indicated that a warmer and moister environment associated with a stronger island-scale sea
breeze circulation in the morning tend to trigger CAR later in the afternoon. The ensuing analysis will
examine whether such favorable synoptic conditions for CAR are universal across time scales.
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Figure 7. (a) Summer mean of surface stream function ðψ s Þ. (b) Interdecadal change in ψ s (represented by the difference
between 1992–2012 and 1961–1981; see text for the reason of adopting this method). (c, d) Similar to Figures 7a and 7b but
7 2 -1
7 2 1
for the associated changes in Δ(∇ · VS) at 11 LT. The contour interval of Figures 7a to 7d is 1 × 10 m s , 0.2 × 10 m s ,
6 1
6 1
1 × 10 s , and 0.1 × 10 s . In Figures 7b and 7d, only the changes signiﬁcant at 90% CI are shaded and the associated
wind vectors are added. The blue (red) shadings are for negative (positive) values.

3.3. Causes of Decadal Shifts in CAR Frequency
It can be inferred from Figure 6 and other studies [Huang and Wang, 2014; Huang and Chen, 2015] that either
the weakening of large-scale southwesterly monsoon winds along the east coast of China or the weakening
of island-scale daytime sea breeze (or both) would result in weaker dynamic lifting (i.e., the trigger) to
suppress the genesis of CAR over Taiwan during 1961–2012 (i.e., declining trend in Figure 2a). To verify
this inference, the summer mean and the differences between two bidecadal periods (represented by
1992–2012 minus 1961–1981; see section 3.1 for explanation) of surface stream function and surface
convergence are presented in Figure 7. By comparing the mean (Figures 7a and 7c) with the change in
atmospheric circulations (Figures 7b and 7d), it is noted that both the southwesterly ﬂow over the South
China Sea and the convergence at 11 LT over Taiwan have become weaker in the later period. These
circulation changes, which could lead to a reduction in dynamical lifting over the past ﬁve decades, may
explain the long-term decline in CAR frequency over most of Taiwan (Figures 2a, 4b, and 4c), but not over
northern Taiwan (Figure 4a). Considering that the horizontal resolution of JRA-55 (1.25° × 1.25°) might not
be sufﬁcient to resolve the regional differences in sea breeze circulation change over Taiwan, we further
examine the related sea breeze circulation changes based on the costal surface stations (Figure 8) to
explain the regional differences in CAR frequency.
By comparing the JJA mean surface station winds at 11 LT (Figure 8a) and the composite difference between
the CAR and nonrainfall days (Figure 8b), it is suggested again that the late morning sea breeze circulation is
apparently stronger during CAR days. Further, it is noted from the examination of change in sea breeze
circulation (Figure 8c, represented by 1992–2012 minus 1961–1981) that the sea breeze was weaker in
1992–2012 than in 1961–1981 over most of the stations except for the far northern Taiwan, where the sea
breeze was stronger in 1992–2012. More evidence for clarifying the regional difference in the change of
morning sea breeze circulation is given in Figure 9, which shows the ﬁrst principle component of the
empirical orthogonal function analysis applied on the diurnal anomalies of surface wind at 11 LT extracted
from the stations. Features revealed in Figure 9 indicate again that the northern two stations have
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Figure 8. (a) The JJA mean of ΔVs at 11 LT extracted from the observations at the coastal surface stations during 1961–2012; (b) the differences between CAR days
and nonRain days for the composites of ΔVs (11 LT) during 1961–2012; and (c) the interdecadal change in ΔVs (11 LT) (represented by the difference between
1992–2012 and 1961–1981; see text for explanations). In Figures 8b and 8c, only the changes signiﬁcant at 90% CI are plotted.

opposite trend (i.e., increasing trend, as inferred from the eigenvector and eigencoefﬁcient) to the rest of
island-wide stations over the past ﬁve decades; this feature corresponds well with Figure 4’s regional
difference in CAR frequency, implying that the stronger (weaker) sea breeze at 11 LT and the larger
(smaller) dynamical lifting for the resulting increase (decrease) in CAR events over the north plains (SC plains).
Note that the surface winds observed by stations are sensitive to the change in land use. From the local
perspective, one likely factor for the increase in sea breeze over northern Taiwan is the rapid expansion of
Taipei metropolitan area, which enhances the heat island effect and induces more CAR events [Chen et al.,
2007; C. Y. Lin et al., 2011]; this, however, cannot explain the decline in sea breeze over other regions. In view of
previous studies [e.g., Huang and Chan, 2011], it is known that the increase in thermal instability (i.e.,  dT
dz > 0;
thermal trigger) can help induce upward motions and low-level wind convergence. Because Taipei has warmed
considerably more than other stations over the past ﬁve decades [Shiu et al., 2009; Weng, 2010; Hsu et al., 2011;
Lu et al., 2012], it is hypothesized that its related thermal instability change is different from other subregions’,
and such difference in thermal instability may help explain the observed regional difference in Figure 8c.
To examine this possibility, we compute the change in  dT
dz (Figure 10; represented by 1992–2012 minus
1961–1981). As seen from the horizontal distribution (Figure 10a) and related vertical cross sections at 25°N
and 23.5°N (Figures 10b and 10c, respectively), most of Taiwan with the exception of northern Taiwan has
tended to be more stable (i.e., the
change in  dT
dz is negative) during
1992–2012 than 1961–1981. These
changes in thermal instability imply
reduced upward motion and surface
convergence over SC plains during
1992–2012 than 1961–1981; this is
consistent with what is revealed in
Figure 8c. Furthermore, the increased
stabilization over the mountains seen
in Figure 10c is consistent with the
ﬁndings of Lin et al. [2014] that greater
warming at higher levels resulted in
more stabilized environmental air over
Figure 9. The ﬁrst component of empirical orthogonal function analysis
the mountain ranges. As inferred from
on the 7 year running mean of surface wind anomalies (ΔVs) at 11 LT.
Lin et al. [2014], the increase in stability
(left and right) The eigenvector and eigencoefﬁcient of the analyzed
in the mountainous parts of Taiwan
variable.
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might be attributed to the effect of the
island ﬂow blocking; i.e., the easterly
wind anomalies in Figure 7b could lead
to lee subsidence over the southern
central coastal plains. Notably, in this
study, the results of thermal instability
(Figure 10) are extracted from the JRA-55
not the sounding data. Future work is
needed for verifying these observed
changes when high-quality long-term
sounding data are available.
3.4. Causes of Trends in CAR Rate

Figure 10. Interdecadal change in (dT/dz) (represented by the difference
between 1992–2012 and 1961–1981; see text for explanations) for (a) the
horizontal distribution at 925 hPa, (b) the vertical cross section at 25°N, and
(c) the vertical cross section at 23.5°N. The contour interval of (dT/dz) is
1
0.02°C km . Only the changes signiﬁcant at 90% CI are shaded and the
blue (red) shadings are for negative (positive) values.

Next, to explain what causes the trend
in CAR rate over Taiwan, we examine
the change in moisture budget (not
shown) with emphasis on the trend in
vertically integrated moisture ﬂux convergence (Figure 11); the computation
here follows that of Huang and Chen
[2015], who found that the moisture ﬂux
convergence is the dominant factor
controlling the variations of diurnal
rainfall in this region (e.g., Figure 6d).
As shown in Figure 11a, the post-1961
increase in CAR rate over Taiwan
responds to the increase in moisture
ﬂux convergence. Such an increase in
moisture ﬂux convergence leads to the
net increase in total summer rainfall in
Taiwan over the past ﬁve decades
[Lu et al., 2012]. Furthermore, as shown
in Figure 11b, the increase in moisture
ﬂux convergence is located mainly at
the low levels, while the mountain
stations are located at the levels with
decrease in moisture ﬂux convergence.
This corresponds to the observation
that post-1961 CAR rate has enhanced
mainly in the low plains while decreased
in the mountain ranges.

It should be mentioned that because
the CAR rate deﬁned in this study is
the average rain rate during a CAR day,
the moisture ﬂux convergence in Figure 11 is for the daily mean change, not for the change at a speciﬁc
time of the day. It was known that the change in afternoon moisture and wind convergence contributes
more than other time steps to the daily mean of moisture ﬂux convergence for a CAR day [e.g., Huang
et al., 2010]. By examining the trend in 3-hourly moisture ﬂux convergence (not shown), it is found that
the increase in moisture ﬂux convergence in Figure 11a is actually consistent with an observed feature
that the moisture ﬂux convergence at 17 LT (i.e., the timing with maximum diurnal rainfall) has enhanced
over the past decades [Huang and Chen, 2015]. In other words, the result presented in Figure 11a does not
conﬂict with the aforementioned decline in wind convergence at 11 LT over Taiwan (Figure 7d) because of
the increase in moisture and moisture ﬂux convergence during later period (e.g., 17 LT, not shown).
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Figure 11. (a) The trend (estimated from the least square
algorism; see text for the reason of adopting this method) in

.
(b)
The
longitude-height cross section of trend in moisture ﬂux
column-integrated moisture
ﬂux
convergence
∇·Q

convergence ∇·Vq at23.5°N; the time period of analysis is 1961–2012 JJA. (c, d) Similar to Figures 11a and 11b but for
dθe =dz
2
1
9
1
1
. The contour interval of Figures 11a to 11d is 5 × 10 mm h , 0.1 × 10 kg/kg s , 0.1°C km ,
the change in
1
and 0.1°C km per decade, respectively. Only the changes signiﬁcant at 90% CI are shaded and the blue (red) shadings are for
negative (positive) values.

Additionally, to support ﬁndings of Figures 11a and 11b, we also compute the trend in lapse rate of equivalent
e
potential temperature (  dθ
dz , i.e., conditional instability) to measure the changes in moist instability
(Figures 11c and 11d). The results show that the moist instability over Taiwan has enhanced at the low
levels (Figures 11c and 11d) but decreased at the high levels (Figure 11d). These changes in moist
instability provide an indication that, since 1961 the atmospheric environment has become moister
and more unstable in the low plains than in the mountains. Again, future work is needed for verifying
these observed changes in moist instability when high-quality long-term sounding data are available.
3.5. Causes of 10–20 Year Variations in CAR Frequency
The examinations presented so far explain the trends and interdecadal variations in CAR activity. How was the
10–20 year variations of CAR frequency revealed in Figure 2b modulated by the atmospheric circulation
ﬂuctuations? To answer this question, we compute the correlation map by correlating the 10–20 year
band-pass-ﬁltered CAR frequency in Figure 2b with the ﬁltered surface stream function (Figure 12a) and
surface wind convergence (Figure 12b) for the 1961–2012 period. The results suggest that the
strengthening (weakening) of monsoon southwesterlies over the South China Sea is coupled with a
strengthening (weakening) of the regional sea breeze, thereby providing stronger (weaker) dynamic
lifting for the genesis of CAR on the positive (negative) phase of 10–20 year variations of CAR frequency
over Taiwan; this suggests a similar process to what was revealed in Figure 7 for the longer-term variation.
Note that the power spectrum analysis on the time series of CAR frequency averaged over three subregions
(not shown) also indicates clear signal of 10–20 year variation and all 10–20 year signals synchronized with
each other (temporal correlation coefﬁcient ≥ 0.8). Only the atmospheric modulations on the 10–20 year
variations in CAR frequency over Taiwan is shown here.
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Figure 12. (a) Temporal correlation coefﬁcient (Tcorr) between the 10–20 year band-pass-ﬁltered CAR frequency over Taiwan (as in Figure 2b) and ﬁltered ψ s
during the analyzed period of 1961–2012. (b) Similar to Figure 12a but for the associated changes in Δ(∇ · VS) at 11 LT. The contour interval of Figures 12a
and 12b is 0.1 and 0.15. Only the changes signiﬁcant at 90% CI are shaded and the associated wind vectors are added. The blue (red) shadings are for
negative (positive) values.

Finally, to connect the observed 10–20 year variations of CAR frequency over Taiwan to large-scale
forcing, we examine the correlation map between the 10–20 year band-pass-ﬁltered CAR frequency
and its associated surface stream function and sea surface temperature anomalies (SSTA). The result
shown in Figure 13 reveals signiﬁcant negative SSTA over the Niño-4 region with a broad tropical
loading; this pattern resembles a La Niña event and is similar to the quasi-decadal oscillation (QDO)
pattern shown earlier by Hsu and Chen [2011] and Wang et al. [2009, 2011] for the particular
frequency of 10–20 years. Meanwhile, cyclonic wind anomalies off the coast of China suggest an
increase in the low-level southerly winds toward Taiwan. These features imply that the 10–20 year
variation in SSTA pattern likely have modulated Taiwan’s CAR occurrence through a process similar to
that presented in preceding sections. This suggestion, however, requires more investigation (e.g.,
simulation) in the future.

4. Summary

Figure 13. Similar to Figure 12 but for the temporal correlation coefﬁcient
(Tcorr) between the 10–20 year band-pass-ﬁltered CAR frequency over
Taiwan (as in Figure 2b) and the ﬁltered ( ψ s , SSTA (sea surface temperature anomalies)) during the analyzed period of 1961–2012. Only the
changes signiﬁcant at 90% CI are shaded and the blue (red) shadings are for
negative (positive) values. The area of NINO4 (boxed area) and the teleconnection pattern (blue dashed line) over the East Asian western Paciﬁc
region are added to help discussions made in the text.
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The characteristics of low-frequency
variations of summer convective afternoon rainfall (i.e., CAR) activity (including the rain frequency and rain rate)
over Taiwan were examined based on
surface observations and the JRA-55 reanalysis during 1961–2012. This study
identiﬁes the multi-time scale nature of
CAR activity in different subregions of
Taiwan. For the entire island, the variations of CAR frequency are characterized by a declining trend during
1961–2012, accompanied by a signiﬁcant
10–20 year oscillation. By comparison, the
CAR rate is mainly characterized by an
increasing trend. Diagnoses of the atmospheric circulation changes suggest that
for all examined variations, the weakening
of the large-scale southwesterly ﬂow and
the weakening of the island-scale sea
breeze circulation are symptomatic of a
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decline in the CAR frequency. The results presented here therefore suggest that Taiwan’s changing CAR
frequency is modiﬁed by the changes in wind variations. As for the long-term increase in the CAR rate,
our examinations point to an intensiﬁcation of moisture ﬂux convergence over Taiwan that is responsible
for the increase in CAR rate.
Regarding the regional differences, the analyses of long-term trends indicate that both the CAR frequency
and the CAR rate increased over the north plains but decreased in high mountains, while the SC plains
experienced a decrease in the CAR frequency but increase in the CAR rate. This subregional difference in
the CAR frequency appears to follow the local sea breeze circulation anomalies and the difference in
thermal instability. That is, for the most of Taiwan (including SC plains and high mountains) a weakened
sea breeze circulation accompanied by a stabilized environment contributes to fewer CAR days, yet in the
rapidly expanding Taipei metropolitan area in northern Taiwan the increased heat island effect reversed
this trend, i.e., enhancing sea breezes while destabilizing the lower atmosphere (as documented by Chen
et al. [2007]). By contrast, the increase (decrease) in the CAR rate over the low plains (high mountains)
followed the increase (decrease) in the moisture ﬂux convergence and related increase (decrease) in
moist instability.
Notably, we note that the relatively new data of JRA-55 is capable of representing the most regional changes
in the atmospheric conditions that are essential for the changes in the CAR activity over Taiwan, a land that
only measures 400 km long and 150 km wide. This information highlights the potential for the use of JRA-55
in examining regional phenomena such as diurnal rainfall over tropical islands.
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